An increase in oxygen uptake has been previously described in plant cell suspensions treated with bacteria or bacterial elicitors. These studies, regarding oxygen uptake, have all been undertaken from the perspective of the host plant cell reactirlg to the invading pathogen. In contrast, here we describe and characterize an increase in oxygen uptake by bacterial cells in response to plant suspensions or autoclaved plant cell filtrates. Autoclaved plant cell filtrates stimulated bacterial oxygen uptake by as much as sevenfold within a few minutes after addition. This oxygen uptake response was proportiorlal to both the concentration of the plant cell filtrate and the concentration of the bacteria. KCN inhibited the bacterial response, suggesting that bacterial respiratiorl may be involved. Unlike the plant oxygen uptake response to bacteria, there was no concurrent H 2 0 2 accumulation and the NADPH oxidase inhibitor, DPI, had no effect on the bacterial response. Streptomycin, an inhibitor of bacterial protein synthesis, irlllibited the bacterial oxygen uptake response to the plant cell filtrate. K-252, a protein kinase inhibitor that strongly irlhibits the plant oxygen uptake response to bacteria, had no eEect upor1 the hacterial oxygen uptake response. IVhen potatolbacterial cell suspensions were pretreated with either streptomycin or K-252, the combined plantlbacterial oxygen uptake response was inhibited by 15 or 70 %, respectively. This indicates that as much as 15-30 % of the increased oxygen consumption during plant suspension cell/bacteria interactions may be attributable to bacteria, which comprise less than 1 % of the total cell mass.
INTRODUCTION
we are aware of; to characterize an oxygen uptake response by bacteria in response to plant cells or plant Previous studies have shown that an increase in oxygen constituents. The focus of this study is the first phase uptake occurs when plant suspension cells come into response which is considered non-specific and occurs with contact with bacteria or pathogen-derived elicitors.
compatible, incompatible and saprophytic interactions. [ I , 3, 5, 121 . The main goal of these studies was to The existence and apparent magnitude of the response monitor the responses of plant cells to pathogens. The (15-30 % of the plant response) is somewhat surprising in current study was undertaken to determine the possible contribution of hacterial oxidative metabolism to the that the cell mass of the bacteria is less than 1 % that of the plant/bacteria interaction, This is the first report, plant The is when considering the overall plantlmicrobe interaction fbr * T o whom all correspondence should be addressed. E-mail: several reasons including: (1) at inoculum concentrations -bakerc@iba.ai-s.usda.gov greater than lo8 cfu ml-I, the oxygen uptake by bacteria Abbreviations used in the text: ACF, autoclaved plant cell could significantly compete with plant processes requiring filtrate; DPI, diphenyleneiodonium chloride; HK-bacteria, heat killed bacteria; K-252, a kinasr inhibitor; KCN, oxygen at critical times; (2) the uptake response signifies potassium cyanide; LDC, luminol-dependent chemilumin-bacterial recognition of a change in environment and iscrnce; ROS, reactive oxygen species. A -could possibly lead to bacterial gene regulation; (3) the Mention of a trade name, proprietary product, or vendor increased oxidative metabolism and associated reactants does not constitute a guarantee of the product by the USDA and does not imply its approval to the exclusiorl ofother vendors will add to the oxidative environment with which the that may also b i suitahli.
plant must cope.
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MATERIALS A N D METHODS

Chemicals
All chemicals were purchased from Sigma-Aldrich Chemicals, Inc. (St. Louis, MO, U.S.A.) with the exception of K-252, which was purchased from Fluka Chemical Corp. (Rohkonkoma, NY, U.S.A.). Diphenyleneiodonium chloride (DPI) and K-252 were dissolved in DMSO and added to final concentrations of 10 and 1.6 phf, respectively. Final concentrations of DMSO were less than 0.01 % and had no measurable effect on bacterial or plant cells. Streptomycin sulfate, an inhibitor of protein synthesis, was prepared in deionized water, with a few drops of 6N NaOH to aid solubility (titrated to pH 6 with HCI), and routinely used at a final concentration of 200 pg ml-I. KCN was dissolved in 50 mhl MES, pH 6, and used at a final concentration of 1 mM.
Bacteria
Pseudonzonas .yingae pv. syringae 61 (incompatible with potato and tobacco), Ralstonia solanacearum (compatible on potato, incompatible on tobacco), Pseudomonas putida W T and J-1M (both saprophytic on potato or tobacco)
[a] were grown for 20 h on Kings B agar plates, washed, centrifuged and resuspended in 50 mkl MES b u f i r , pH 6 [ I ] . Plates with P. syrin,gae and P. putida were augmented with 25 and 50 pg ml-' naladixic acid, respectively. Bacterial suspensions were autoclaved fhr 15 min to prepare HK-bacteria. Final concentrations of live and HK-bacteria were equivalent to lo8 cfu mlpl unless otherwise stated. Beakers, 50 ml, containing 20 ml of the bacterial suspension were shaken at 170 rpm in a water bath at 27°C until the oxygen concentration reached a steady state (about 15 min).
Plant suspension cells
Tobacco (,Ii'cotiana tabacum cv. Hicks) and potato (Solanum tuberosum cv. Kennebec) suspen~ion cells were initiated, maintained and prepared for bioassays as previously described [I] . The oxygen uptake response was measured in 20 ml of 0.1 g ml-' suspension cells in 50 ml beakers at 27°C and 200 rpm for both potato and tobacco.
Plant cell Jiltrate preparations
Plant cell filtrates were prepared from 5 day old potato suspension cells or 2 to 3 day old tobacco cells (data not ~h o w n ) .
Cells were collected onto Miracloth (Calbiochem Corp., LaJolla, CA, U.S.A.), washed and resuspended in 50 mnl MES buffer, pH 6.0, to a concentration of 0.5 g ml-'. A portion of the cells were autoclawd fhr 20 min and poured through Miracloth. The residue was collected and resuspended in an equal volume of MES buffer (cell residue fraction). The filtrate was passed through a glass microfiber membrane fbllowed by sterile filtration through a 0.2 pm nylon filter (cell filtrate fraction).
Another portion of the cell suspension (0.5 g m l l ) was incubated in assay buffer for 3 h in a shaking water bath at 27°C and 200 rpm. Cells were removed from the medium by filtration through Miracloth, a glass microfiber membrane, and a 0.2 pm nylon filter as above (washed cell filtrate fraction).
Autoclaved leaf jiltrate
Tobacco and potato plants were grown in a greenhouse with 12 h light cycle at 2 1-27 "C. Leaf tissue with midribs and veins removed was ground in liquid nitrogen and resuspended in 50 mkl MES, pH 6.0 to a final concentration of 0.5 g ml-I. The suspension was autoclaved, cooled, and centrifuged at 8000 g for 20 min to remove cell debris. The autoclaved filtrate was sterile filtered as described above.
Oxy,aen uptake measurements
Oxygen electrodes (h!ticroelectrodes Inc., Londonderry, NH, U.S.A.), data acquisition hardware and software (National Instruments Corp., Austin, T X , U.S.A.) were used as previously described [ I ] . Oxygen electrodes were soaked in 1 Oh tergazyme (Alconox, Inc., New York, NY, U.S.A.), rinsed with deionized water, and calibrated to 100 % oxygen in aerated buffer in a water bath shaker maintained at 27OC. The multi-electrode apparatus enabled the simultaneous monitoring of oxygen uptake rates in several beakers simultaneously while allowing continuous shaking and aeration of cells. The basic concept underlying this technique is that changes in the rate of oxygen uptake result in a change in the oxygen concentration. Based on calibration tests, at any given oxygen concentration in the buffer, the rate of oxygen flux from the air is known and should equal the oxygen uptake flux by the bacterial and/or plant cells [ I ] .
Active oxygen
ROS production uas monitored with the luminol dependent chemiluminescence assay as previously described [ l o ] . Bacteria were added to beakers with autoclaved plant filtrate in assay buffer (175 mhl mannitol, 0.5 mhl CaC12, 0.5 mhf K,SO,, and 0.5 mh1 MES, pH 6.1). At 5 min time intervals, 0.4 ml ample^ were removed from the beakers and assayed in a LKB 125 1 luminometer (Bad Il'ildbad, Germany). Luminol (80 p h~ final concentration in l M NaP04, pH 7) and horseradish peroxidase (6 pg mlpl final concentration in deionized water) were automatically added and mixed into each ?ample in the dark The oxygen uptake rate of suspensions of P. syringae pv. 9
syl-ingae increased significantly upon addition of certain plant cell or tissue extracts. The basal respiratory rate for ! i lo8 cfu ml-' bacteria was routinely 2 nM min-l I ) and tobacco (not shown) leaves, which had been first ground with liquid nitrogen and then autoclaved, also elicited an oxygen uptake response from the bacteria. Increased oxygen consumption was observed for several different bacteria including P. syringae pv. gringae, P. putida WT, P. putida J l -M , and R. solanacearum when treated with autoclaved potato cell filtrate (Fig. 2) . All bacteria responded with an immediate and rapid increase in Bacteria (10' cfu mlp') were incubated in 50 mnl hlES buffer and treated with autoclaved cell filtrate (ACF) (0.1 g ml-' equivalent), added at the arrolv. Oxygen consumption was monitored with electrodes as described in Materials and Methods.
oxygen consumption within 3-4 min after addition of the cell filtrate. P. syringae and R. solanacearum appeared to reach a new higher steady state while P. pzltida isolates continued to steadily increase their rate of oxygen consumption. Bacterial multiplication was not detected After this period, multiplication was minimal for the first 2 h and could not account for the increased rates observed. P. .yringae pv. syringae at lo6-10' cfu ml-' were treated with potato autoclaved cell filtrate and the oxygen uptake response was found to increase with increasing bacterial concentration [ Fig. 3 / m ] . Under the current assay conditions, it was difficult to detect an increase in oxygen consumption at concentrations less than lo7 cfu ml-I. The response of lo8 cfu ml-' bacteria was a seven-fold increase in oxygen consumption over basal respiration while 10"fu ml-' rapidly depleted the oxygen in the media within a few minutes. Results were similar with R. solanacearum (data not shown).
P. .yringae pv. s_yl-ingae at lo8 cfu ml-' was treated with varying concentrations of potato filtrate equivalent to 0.005-0.2 g ml-' of cells [ Fig. 3,,11) ]. Both of the lowest concentrations of filtrate stimulated a rapid increase in oxygen uptake befbre leveling of' at a higher rate of oxygen uptake than the basal rate. Filtrates equivalent to concentrations of0.05-0.2 g cells mlpl stimulated a rapid increase in oxygen uptake followed by a much more gradual increase. The oxygen uptake response appeared to be nearly saturated at 0. 
NADPH oxidase inhibitor (Fig. 4) . DPI had no effect on the oxygen uptake response to potato ACF, suggesting that NADPH oxidase is not involved in the response. The 1 mhl K C N completely inhibited the response suggesting that cytochrome oxidase of the bacterial respiratory chain may be involved. The contribution of the bacterial oxygen uptake response to the combined plantlbacterial oxygen uptake response was estimated using streptomycin treated bacterial cells [Fig. 51 ;;r':l. Streptomycin (200 pg ml-') was added to P. syringae pv. sysingae (lo8 cfu ml-l) suspensions for different periods before adding the potato ACF. The bacterial oxygen uptake response was inhibited by 60 9'0 after 15 min preincubation and about 85 % after 30, 60 and 120 min. Potato cells were pretreated with streptomycin followed by the addition of lo8 cfu ml-I P. syringae pv. pringae that were also pretreated with streptomycin [ Fig. 3(l)j] . The streptomycin inhibited the initial oxygen uptake response by about 10 % when compared to potato cells exposed to bacteria without preincubation with streptomycin. The streptomycin completely inhibited the later, more gradual increases in oxygen consumption. Pretreatment of potato cells with streptomycin had no effect on the plant oxygen uptake response to heat-killed bacteria.
K-252, a protein kinase inhibitor, has been previously shown to significantly inhibit the plant cell oxygen uptake response [3] . This inhibitor had no ef'ect on the bacterial oxygen uptake response to potato ACF [ Fig. 6: a; ]. Il'hen K-252 (1.6 pnf) was added to potato cells followed by addition of heat-killed P. syringae pv. syringae, there was a 
DISCUSSION
This report demonstrates that bacteria, upon contact with plant cells or plant components, respond with an increase in oxygen consumption. The plant component which elicits the bacterial response appears to be to released upon autoclaving of the plant cells or tissue, suggesting that it is either intracellular and/or closely attached to the cell wall. Several bacteria increased oxygen uptake as much as 10-fold within 10-20 min after treatment with autoclaved plant cell filtrate (Fig. 2) . The amplitude of the oxygen uptake response increased with either bacterial concentration or elicitor concentration until saturation occurred (Fig. 3 ) . KCN ( . oxidases and transfer electrons to oxygen [6, 71. P. syringae pv. syringae contains cytochrome d which accommodates the majority of electron flow during log pllase growth [13, 161. P. putida appears to have a different cytocllrome makeup including cytochrome d which is able to function under lower concentrations of oxygen [15] . This difference could contribute to the ability of P. putida isolates to continue increasing oxygen uptake at lower concentrations of oxygen. Unlike the plant oxygen uptake response, there was no concurrent measurable H 2 0 2 accumulation by the bacteria, even when lower bacterial concentrations were used to avoid H202-scavenging [2] . I t is still feasible and probable that this increased oxygen uptake was leading to increased superoxide and hydrogen peroxide [ 4 , 9, 131 production, however, it may not accumulate to allou measurement.
The oxygen uptake response observed here by bacterial cell suspensions was substantial, representing as much as a six-to seven-fold increase in bacterial oxygen uptake over basal respiration. The oxygen consumption by bacterial concentrations greater than lo8 cfu ml-' bacteria could affect oxygen availability to plant cells in cell suspension and possibly leaf infiltration experiments. The magnitude of the response generated under these in uitro conditions may be greater than would be encountered in tissue since all of the bacterial cells encountered a relatively high concentration of the plant elicitor. However, bacteria in the area of plant cells with leaky membranes and water soaking could feasibly encounter a similar ~ituation.
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